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Acute Hypertriglyceridemia Induces Platelet Hyperactivity That is Not 
Attenuated by Insulin in Polycystic Ovary Syndrome 
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B. Spurgeon, MBiomedSci; Alan S. Rigby, CStat, SSci; Derek Sandeman, PhD; Khalid M. Naseem, PhD; Stephen L. Atkin, PhD 

Background— Atherothrombosis is associated with platelet hyperactivity. Hypertriglyceridemia and insulin resistance (IR) are 
features of polycystic ovary syndrome (PCOS). The effect of induced hypertriglyceridemia on IR and platelet function was examined 
in young women with PCOS. 

Methods and Results — Following overnight fasting, 13 PCOS and 12 healthy women were infused with saline or 20% intralipid for 
5 hours on separate days. Insulin sensitivity was measured using a hyperinsulinemic euglycaemic clamp in the final 2 hours of 
each infusion. Platelet responses to adenosine diphosphate (ADP) and prostacyclin (PGI 2 ) were measured by flow cytometric 
analysis of platelet fibrinogen binding and P-selectin expression using whole blood taken during each infusion (at 2 hours) and at 
the end of each clamp. Lipid infusion increased triglycerides and reduced insulin sensitivity in both controls (median, interquartile 
range ) (5.25 [3.3, 6.48] versus 2.60 [0.88, 3.88] mg kg"' min" 1 , P<0.001) and PCOS (3.15 [2.94, 3.85] versus 1.06 [0.72, 
1.43] mg kg -1 min -1 , P<0.001). Platelet activation by ADP was enhanced and ability to suppress platelet activation by PGI 2 
diminished during lipid infusion in both groups when compared to saline. Importantly, insulin infusion decreased lipid-induced 
platelet hyperactivity by decreasing their response to 1 umol/L ADP (78.7% [67.9, 82.3] versus 62.8% [51.8, 73.3], P=0.02) and 
increasing sensitivity to 0.01 umol/L PGI 2 (67.6% [39.5, 83.8] versus 40.9% [23.8, 60.9], P=0.01) in controls, but not in PCOS. 

Conclusion — Acute hypertriglyceridemia induced IR, and increased platelet activation in both groups that was not reversed by 
insulin in PCOS subjects compared to controls. This suggests that platelet hyperactivity induced by acute hypertriglyceridemia and 
IR could contribute athero-thrombotic risk. 

Clinical Trial Registration— URL: www.isrctn.org. Unique Identifier: ISRCTN42448814. (J Am Heart Assoc. 2014;3:e000706 doi: 
10.1 161/JAHA.1 13.000706) 
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Insulin resistance (IR), defined as resistance to insulin- 
stimulated glucose uptake, is a common precursor to both 
diabetes and associated vascular disease. 1 ' 2 IR is a multisys- 
tem disorder that is associated with multiple metabolic and 
cellular alterations including atherogenic dyslipidemia, 
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glucose intolerance, and a prothrombotic state. This triad of 
factors predisposes patients with IR to accelerated athero- 
thrombosis. 3,4 Dyslipidemia is very common in women with 
polycystic ovary syndrome (PCOS), 5 a disorder in which IR 
occurs in 95% of obese cases. 6 Consequently, subjects with 
PCOS are susceptible to impaired glucose tolerance (IGT), 
metabolic syndrome (MBS), and type 2 diabetes mellitus 
(T2DM) 7 ' 8 that are associated with premature cardiovascular 
(CVD) related mortality. 9,10 

Postprandial triglyceride levels are strongly and positively 
correlated to incidence of coronary artery disease diagnosed 
by coronary angiography. 11 Lowering plasma triglyceride 
concentrations by fibrates in patients with either isolated 
hypertriglyceridemia or atherogenic metabolic dyslipidemia 
significantly reduces CVD events. 12 However, the nature of 
the link between hypertriglyceridemia and CVD is poorly 
defined. Hypertriglyceridemia may play an indirect role in the 
causation of atherosclerosis 13 being a central component of 
the "atherogenic dyslipidemia triad" together with reduced 
levels of high-density lipoprotein cholesterol (HDL-c) and a 
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preponderance of small dense low-density lipoprotein 
cholesterol (LDL-c). 14 It is also possible that hypertriglycer- 
idemia may have a direct effect on atherosclerosis as it has 
been proven that triglycerides are present in the form of 
triglyceride-rich lipoproteins in the aorta,' 5 in atherosclerotic 
lesions,' 6 and in the foam cells formed by macrophages' 7 in 
previous studies. 

The procoagulant state associated with IR is thought, at 
least in part, to be associated with platelet hyperactivity. 18 In 
healthy blood vessels, platelet activation is counterbalanced 
by inhibitory signalling cascades that are activated by 
endothelial-derived nitric oxide (NO) and prostacyclin (PGI 2 ), 
which modulate excessive activation,' 9 although there is 
potential for platelet resistance to these key inhibitory factors 
in some disease states. The effective compliance of platelet 
function at all times is critical since, in addition to their 
classical role in acute thrombosis, platelets are involved in the 
initiation of atheroma, modulation of inflammatory responses, 
and contribute to endothelial dysfunction. 20 Platelets can 
adhere to intact activated endothelium in the absence of 
exposed extracellular matrix proteins. 21 These adherent 
platelets may play a critical role in atherogenesis by the 
secretion of the chemokines CCL5 (RANTES), CXCL4 (platelet 
factor 4), and interleukin-1. 22 

Women with PCOS are phenotypically similar to those with 
metabolic syndrome and diabetes as 80% of them are centrally 
obese, two thirds have low HDL-c, and one third have 
hypertriglyceridemia. 23 ' 24 Platelet hyperactivity was observed 
in lean women with PCOS 25 and in subjects with T2DM. 26 In 
the present study we examine the potential link between 
dyslipidemia, IR, and platelet hyperactivity. Since familial 
hypertriglyceridemia shows increased platelet activation in 
response to adenosine diphosphate (ADP) and collagen, 27 and 
given that IR also shows this response in diabetes, 18 we 
hypothesized that experimentally enhanced hypertriglyceride- 
mia, using intralipid, will affect both IR and platelet function in 
subjects with PCOS compared to control subjects. 

Materials and Methods 
Study Subjects 

Thirteen PCOS patients and 12 healthy women gave their 
written informed consent to participate in this study that was 
approved by the local Research Ethics Committee. PCOS 
patients were recruited from the endocrine clinics and healthy 
volunteers were recruited through advertisements at the local 
University and the hospital intranet. PCOS was diagnosed by 
the presence of 2 of 3 criteria, oligomenorrhoea, clinical and/ 
or biochemical hyperandrogenism, and polycystic ovaries on 
ultrasound after exclusion of other endocrine causes of 
hyperandrogenism according to the Rotterdam diagnostic 



criteria. 28 All subjects were nonsmokers, took no regular 
medications, and had no concurrent illness. All the subjects 
were asked not to use drugs containing acetylsalicylic acid 
during the week preceding the experiments. Subjects with 
impaired glucose regulation on an oral glucose tolerance test 
at screening were excluded. 

Study Design 

Following a 12-hour overnight fast, all participants underwent 
a 5-hour saline infusion with insulin sensitivity assessed by a 
hyperinsulinemic euglycaemic clamp in the final 2 hours. One 
week later, this was repeated replacing saline with intralipid 
(20% soybean oil, 1.2% egg yolk phospholipids, and 2.2% 
glycerol; Kabi Fresenius Pharmacia). Briefly, an 18-gauge 
intravenous cannula was inserted into an antecubital vein for 
administration of test infusions and a retrograde cannula was 
inserted into the dorsal hand vein on the contralateral hand. 
The contralateral hand was heated (60°C) to arterialize 
venous blood for the measurement of blood glucose. After 
fasted blood samples were taken, either normal saline 
1.5 mL/minute or 20% intralipid 1.5 mL/minute along with 
unfractionated heparin sodium 0.3 units/kg/minute were 
infused for 5 hours. At 180 minutes, a 2-hour hyperinsuline- 
mic euglycemic clamp was commenced using intravenous 
soluble insulin (Humulin S, Eli Lilly and Co.) at a rate of 
80 mll/m 2 body surface area/minute for the first 20 minutes 
to suppress the hepatic glucose production followed by a 
constant rate of 40 mll/m 2 surface area/minute for 
100 minutes. Plasma glucose was clamped at 5.0 mmol/L 
with a variable infusion rate of 20% dextrose. Dextrose 
infusion rate was adjusted based on arterialized blood glucose 
measurements undertaken every 5 minutes. 

Whole blood for platelet study was taken at 2 hours after 
commencing saline or lipid infusion (before the insulin clamp 
was initiated) and at 5 hours when the infusions ended. Briefly, 
the first 2 mL of blood were discarded in order to avoid 
artefactual platelet activation and the second 4.5 mL were 
taken into a syringe filled with 0.5 mL of 3.8% trisodium citrate 
and used for platelet analysis. Blood samples for biochemical 
measurements were taken at baseline and hourly for 5 hours 
during the study. At each sampling point, blood samples were 
centrifuged for at 1500^ for 15 minutes and supernatant 
plasma was alloquited and stored at — 80°C until analysis. 

Flow Cytometric Analysis of Platelet Activation 

Platelet immunostaining was performed in a manner designed 
to minimize sample manipulation and artefactual ex vivo 
activation. Briefly, immunostaining was completed within 
5 minutes of venepuncture and flow cytometric analysis 
carried out within 2 hours of fixation. Citrated whole blood 
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was immediately added to assay tubes containing 4-(2- 
hydroxyethyl)-piperazine-1-ethanesulfonic acid (HEPES) buffer 
(NaCI 150 mmol/L, KCI 5 mmol/L, MgS0 4 1 mmol/L, HEPES 
10 mmol/L, pH adjusted to 7.4 using 1 mol/L HCI) and a 
saturating concentration of appropriate antibodies. Fluores- 
cein isothiocyanate- (FITC)-conjugated anti-CD42b monoclo- 
nal antibody, activation-independent platelet specific 
antibody, was used to detect platelets, FITC rabbit antifibrino- 
gen antibody for assessment of platelet fibrinogen binding 
and R-Phycoerythrin (PE)-conjugated anti-CD62P monoclonal 
antibody (Becton Dickinson) for measurement of P-selectin, a 
marker of platelet granules release. ADP (0.1 to 10 umol/L; 
Sigma) was then added to study platelets sensitivity to 
activation and then incubated for 10 minutes. The samples 
were then fixed with 500 uL of 0.2% formaldehyde. For the 
assessment of platelet inhibition, PGI 2 (0.01 to 0.1 umol/L) 
or 8-(4-chlorophenylthio)-N6-phenyladenosine-3', 5'-cyclic 
monphosphate (8-CPT-6-Phe-cAMP) (50 to 200 umol/L) was 
added to blood and incubated for 1 minute before the 
addition of ADP (final concentration 1 umol/L) then incu- 
bated for 10 minutes prior to fixation. 

The platelet population in whole blood was identified by its 
characteristic forward- and side-scatter profiles and by FITC- 
conjugated anti-CD42b monoclonal antibody which stained 
positive >95% of the gated platelet population. 29 Platelet 
activation was measured as the percentage of platelets that 
expressed either fibrinogen binding or P-selectin receptors in 
10 000 gated platelet populations on FACS Aria flow 
cytometer (Becton Dickinson) using BD FACS Diva Software 
analytical software. Results were mean of duplicated samples. 

Biochemical Analysis 

Serum insulin was assayed using a competitive chemilumi- 
nescent immunoassay (Euro/DPC). Plasma glucose was 
measured using a Synchon LX 20 analyzer (Beckman-Coulter). 
Serum testosterone was measured by high performance liquid 
chromatography linked to tandem mass spectrometry (Waters 
Corporation), and sex hormone binding globulin (SHBG) was 
measured by immunometric assay with fluorescence detec- 
tion on the DPC Immulite 2000 analyzer. The free androgen 
index was obtained as the quotient 100* Testosterone/ 
SHBG. Total cholesterol, triglycerides, and HDL-c were 
measured enzymatically using a Synchon LX 20 analyzer 
(Beckman-Coulter). LDL-c was calculated using the Friedewald 
equation. 30 Nonesterified fatty acids (NEFA) were analyzed 
using enzymatic colorimetric methods (Wako NEFA-H2) on a 
Konelab20 autoanalyzer with an interassay and the coefficient 
of variation was 1.4%. Homeostatic model assessment of IR 
(HOMA-IR) was calculated by the formula: HOMA1-IR=fasting 
plasma insulin (u,U/mL)xfasting plasma glucose (mmol/L)/ 
22. 5. 31 We assumed that endogenous glucose production was 



more than 90% suppressed by an acute rise of insulin level 
with primed insulin infusion. 32 During the experimental 
procedure, we used the HemoCue glucose 20 1 + with plasma 
glucose conversion to measure blood glucose at regular 
intervals. 33 Rate of glucose disposal (mg kg - ' min" 1 ) (M), a 
measure of insulin sensitivity, was calculated from the means 
of the five 20-minute periods from 20 to 120 minutes during 
the clamp using the Defronzo method. 34 

Statistical Analysis 

Statistical analysis was performed using SPSS for Windows NT, 
version 19.0 (SPSS Inc). Wilcoxon signed ranks test was applied 
to skewed variables that violated the assumptions of normality 
when tested with the Kolmogorov-Smirnov test and paired 
sample f test for normally distributed data within the group. 
Mann-Whitney test and the independent sample t test were 
used respectively for comparison between the groups. Data are 
presented as medians (IQR) for skewed variables and mean±SD 
for normally distributed variables. For all analyses, a 2-tailed 
P<0.05 was considered to indicate statistical significance. The 
missing values were handled by casewise deletion. 



Results 

Baseline characteristics of PCOS and controls are shown in 
Table 1. Subjects with PCOS were more overweight but not 
significantly different compared to controls. They had higher 
androgen profile, waist circumference, HOMA-IR, and low 
HDL-c, which were characteristic features of PCOS status, 
than controls. 

Biochemical Changes During the Lipid Infusion 

In the first instance, the study examined the effects of saline 
and intralipid infusion on the metabolic profile of the subjects 
(Table 2). Lipid infusion increased plasma triglyceride and 
NEFA levels, and subsequently decreased insulin-stimulated 
glucose disposal in both PCOS patients (rate of glucose 
disposal 3.15 [2.94, 3.85] versus 1.06 [0.72, 
1.43] mg kg" 1 min"', P<0.001) and controls (5.25 [3.30, 
6.48] versus 2.60 [0.88, 3.88] mg kg"' min" 1 , P<0.001). In 
both groups, no significant difference in plasma glucose was 
seen after receiving 2 hours either saline or lipid infusion or, 
predictably, at 5 hours where glucose concentration was 
clamped at 5 mmol/L by design. 

Platelet Activation During the Saline Infusion 

Platelet reactivity in vivo was determined by sensitivity to 
both endogenous activators (ADP) and inhibitors (PGI 2 and 
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Table 1. Baseline Characteristics of the Participants 





Controls (n=12) 


PCOS (n=13) 


P Value 


Age, y 


24.1 ±5.8 


28.0±6.3 


0.13 


Body mass index, kg/m 2 


25.5±5.0 


29.7±6.0 


0.07 


Waist, cm 


80.9±12.5 


96.5±17 


0.02 


Waisthip ratio 


0.79±0.07 


0.86±0.02 


0.04 


Systolic blood pressure, mm Hg 


116±9 


118±11 


0.56 


Diastolic blood pressure, mm Hg 


74±9 


75±8 


0.73 


Testosterone, nmol/L 


1.03±0.34 


1.51 ±0.77 


0.05 


Free androgen index 


1.6±1.0 


6.6±3.2 


<0.001 


Sex hormone binding globulin, nmol/L 


75±30 


28±19 


<0.001 


Alanine aminotransferase, IU/L 


17±5 


27±13 


0.01 


Total cholesterol, mmol/L 


4.7±0.79 


4.1 ±0.63 


0.14 


Triglycerides, mmol/L 


0.96±0.32 


1.12±0.51 


0.35 


HDL-c, mmol/L 


1.58±0.48 


1.2±0.37 


0.06 


LDL-c, mmol/L 


2.31 ±0.49 


2.68±0.58 


0.10 


Fasting plasma glucose, mmol/L 


4.69±0.51 


4.74±0.45 


0.08 


HOMA-IR 


1.33±0.69 


2.50±1.5 


0.03 


NEFA, mmol/L 


0.55 (0.33, 0.66) 


0.54 (0.35, 0.54) 


0.23 



Results are expressed as mean±SD, NEFA levels are expressed as median (IQR), P value <0. 05 is significance of difference. HDL-c indicates high-density lipoprotein cholesterol; HOMA-IR, 
homeostatic model assessment of insulin resistance; LDL-c, low-density lipoprotein cholesterol; NEFA, nonesterified fatty acids; PCOS, polycystic ovary syndrome. 



Table 2. Biochemical Changes Following Intralipid Infusion 





Controls (n=12) 


PCOS (n=13) 


Saline 


Intralipid 


P Value 


Saline 


Intralipid 


P Value 


Glucose disposal, mg kg min 


5.25 (3.30, 6.48) 


2.6 (0.88, 3.9) 


<0.001 


3.15 (2.94, 3.9) 


1.06 (0.72, 1.43) 


O.001 


TG AUC 2 h, mmol/L 


1.67±0.37 


5.98±1.8 


<0.001 


2.21±1.37 


7.23±2.83 


O.001 


TG AUC 5 h, mmol/L 


3.78±0.86 


22.5±7.8 


<0.001 


5.29±2.99 


23.9±11.4 


<0.001 


NEFA AUC 2 h, mmol/L 


1.13 (0.86, 1.36) 


3.2 (2.29, 4.0) 


0.01 


1.1 (0.81, 12.4) 


3.30 (2.71, 4.80) 


0.01 


NEFA AUC 5 h, mmol/L 


2.24 (1 .83, 2.86) 


12.0 (8.5, 13.5) 


<0.001 


2.26 (1.8, 2.55) 


12.4 (9.25, 1.44) 


<0.001 



Triglycerides value is expressed as means±SDs and the rest are expressed as medians (IQR). P value <0.05 is significance of difference. AUC indicates area under the curve; NEFA, 
nonesterified fatty acids; PCOS, polycystic ovary syndrome; TG, triglycerides. 



8-CPT-6-Phe-cAMP). Incubation of whole blood with ADP 
(0.1 to 10 nmol/L) led to a concentration-dependent 
increase in platelet activation in all samples in both 
groups as evidenced by elevated levels of P-selectin and 
fibrinogen binding. Preincubation of platelets with either PGI 2 
(0.01 to 0.1 umol/L) or the direct activator of Protein Kinase 
A (PKA), 8-CPT-6-Phe-cAMP (50 to 200 umol/L), resulted in 
concentration-dependent decrease in ADP- (1 u,mol/L) 
induced platelet activation. These results were not signifi- 
cantly different between controls and PCOS at baseline and 
after saline infusion (data not shown). 



Platelet Activation During the Lipid Infusion 

The effect of lipid infusion on platelet activity was examined 
from the blood samples taken at 2 hours of lipid infusions 
which as before were concomitant with insulin infusion. The 
lipid infusion had no effect on the basal levels of fibrinogen 
binding in either group. However, the propensity for ADP- 
induced platelet activation was enhanced in both controls 
and PCOS following the infusion of lipid rather than saline 
(Table 3). For example, in the control group, ADP (1 umol/ 
L) increased fibrinogen binding to 57.9% (46.7, 68) after 
saline infusion, compared to 78.7% (67.9, 82.3), P=0.01, 
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Table 3. Effect of 2-Hour Intralipid Infusion on Platelets Activation 



Agents That Added 


Controls (n=12) 


PCOS (n=13) 


2-Hour Normal Saline 


2-Hour Intralipid 


P Value 


2-Hour Normal Saline 


2-Hour Intralipid 


P Value 


Percentage of platelets expressed fibrinogen binding 


Basal 


2.30 (1.93, 2.55) 


2.50 (2.34, 2.89) 


0.07 


2.20 (2.10, 2.78) 


2.35 (2.20, 2.65) 


0.41 


+1 umol/L ADP 


57.9 (46.7, 68.0) 


78.7 (67.9, 82.3) 


0.01 


51 .4 (44.4, 61 .8) 


71.8 (58.7, 81.0) 


0.01 


+0.01 umol/L PGI 2 +1 umol/L ADP 


11.6 (8.44, 26.0) 


67.6 (39.5, 83.8) 


<0.001 


8.40 (4.90, 13.0) 


34.9 (17.1, 50.9) 


0.001 


+0.05 umol/L PGI2+I umol/L ADP 


2.50 (1.90, 3.42) 


20.9 (4.45, 36.3) 


<0.001 


2.45 (2.08, 2.95) 


3.30 (2.75, 6.48) 


0.01 


+50 umol/L 8CPT cAMP+1 umol/L ADP 


46.4 (26.7, 58.6) 


68.5 (58.6, 72.8) 


O.001 


35.5 (29.0, 48.5) 


50.2 (43.4, 67.0) 


O.001 


Percentage of platelets expressed P-selectin 


Basal 


1.98 (1.03,2.90) 


1.90 (1.65, 2.61) 


0.75 


1.85 (1.28, 4.18) 


1.70 (2.50, 2.18) 


0.20 


+1 umol/L ADP 


30.5 (25.2, 47.2) 


54.1 (31.5, 63.4) 


0.02 


36.2 (23.9, 47.4) 


44.9 (35.5, 54.6) 


0.02 


+0.01 umol/L PGI2+I umol/L ADP 


13.4 (8.35, 20.9) 


49.6 (26.4, 65.8) 


O.001 


10.6 (8.23, 13.1) 


28.3 (13.6, 37.1) 


O.001 


+0.05 umol/L PGI2+I umol/L ADP 


5.58 (3.24, 7.71) 


15.6 (3.15, 23.6) 


0.03 


6.40 (4.00, 8.35) 


5.95 (4.00, 11.2) 


0.38 


+50 umol/L 8CPT cAMP+1 umol/L ADP 


30.6 (16.5, 41.0) 


45.8 (27.5, 55.9) 


0.01 


24.4 (15.3, 36.7) 


27.9 (20.0, 48.5) 


0.05 



Results are expressed as medians (IQR), P value <0.05 is significance of difference. Wilcoxon signed ranks test. ADP indicates adenosine diphosphate; cAMP, cyclic adenosine 
monophophate; PCOS, polycystic ovary syndrome; PGI 2 , prostacyclin. 



after lipid infusion. Similarly, fibrinogen binding in response 
to ADP was increased from 51.4% (44.4, 61.8) to 71.8% 
(58.7, 81), P=0.01, after lipid infusion in PCOS (Figure 1). 
P-selectin expression, an alternative marker of platelet 
activation, showed a similar response to fibrinogen 
binding (Table 3). In the control group, ADP-induced 
P-selectin expression was increased from 30.5% (25, 47) 
to 54.1% (31.5, 63.4), P=0.02, and in PCOS from 36.2% 
(23.9, 47.4) to 44.9% (36, 55), P=0.02, by the lipid infusion 
(Figure 2). 

To examine if this apparently enhanced platelet activation 
was due to increased sensitivity to agonists or diminished 
responsiveness to endogenous inhibitors, the ability of PGI 2 
(0.01 to 0.1 u,mol/L) to inhibit on fibrinogen binding 
stimulated by ADP (1 u,mol/L) was assessed. The effect of 
PGI 2 to inhibit platelet fibrinogen binding was diminished 
after lipid fusion (Figure 1, Table 3). To ensure that this was 
not an effect of intralipid on the availability of PGI 2 , we 
repeated the experiments using 8-CPT-6-Phe-cAMP, the cell 
permeable cAMP analogue and a direct activator of PKA. 
Using 8-CPT-6-Phe-cAMP (50 umol/L) inhibited ADP-induced 
fibrinogen binding in both control and PCOS groups 
(Figure 1), with decreased platelet inhibition following the 
lipid infusion as seen for PGI 2 . Consistent with these data 
we found that the ability of both PGI2 and 8-CPT-6-Phe- 
cAMP to inhibit P-selectin expression was attenuated after 
the lipid infusion (Figure 2, Table 3). Lipid infusions 
enhanced platelet hyperactivity consistently between PCOS 
and control groups. 



Effect of Insulin Infusion on Lipid Induced Platelet 
Hyperactivity 

The hyperinsulinemic euglycaemic clamp was performed to 
assess the effect of supraphysiological insulin levels on lipid- 
induced increased platelet activity while maintaining plasma 
glucose level at 5 mmol/L in both controls and PCOS. In both 
groups, infusing insulin did not alter platelet activation/ 
inhibition during the saline infusion. It is likely that platelet 
homeostasis is maximally optimized at the physiological milieu. 
However, the infusion of insulin decreased the platelet hyper- 
activity induced by lipid infusion in controls. Here, increased 
platelet fibrinogen binding in response to 1 umol/L ADP was 
reduced from 78.8% (67.9, 82.3) to 62.8% (5 1 .8, 73.3), P=0.02. 
Furthermore, the sensitivity of platelets to inhibition by cAMP 
signaling was restored. Platelet fibrinogen binding in response 
to ADP in the presence of PGI 2 (0.01 umol/L) was 67.6% (39.5, 
83.8), but this declined to 40.9% (23.8, 60.9), P=0.01. 
Consistent with these data, fibrinogen binding in response to 
ADP in the presence of 8-CPT-6-Phe-cAMP (50 (imol/L) was 
68.5% (58.6, 72.8) prior to insulin infusion and 54.0% (46.3, 
67.1), P=0.02, after insulin infusion (Table 4). 

In contrast, platelet hyperactivity in subjects with PCOS 
was not attenuated by insulin infusion. After insulin was 
provided, ADP-induced fibrinogen binding remained elevated, 
71.8% (58.7, 81) compared to 68.5% (56.3, 74.3), P=0.17, as 
did P-selectin expression 44.9% (35.5, 54.6) versus 44.4% 
(37.4, 60.1), P=0.97. Consistent with the sustained platelet 
hyperactivity, platelet sensitivity to PGI 2 and 8-CPT-6-Phe- 
cAMP (Table 4) remained compromised. Thus, elevated 
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Figure 1. Fibrinogen binding to activated platelets in whole blood. Platelets in whole blood taken at 2 hours 
during saline infusion and at 2 hours during intralipid infusion from controls and women with PCOS were stimulated 
with ADP alone, ADP+PGI 2 and ADP+8-CPT-6-Phe-cAMP (8CPT) and fibrinogen binding measured by flow cytometry. 
The data are expressed as percentage positive cells for fluorescence and represent medianiinterquartile range 
(box) and range (whisker). Asterisk (*P=0.05, **P=0.0^, ***P<0.01) compared effect of saline to intralipid within 
the groups. ADP indicates adenosine diphosphate; PCOS, polycystic ovary syndrome; PGI 2 , prostacyclin. 



platelet activity induced by acute hyperlipidemia in PCOS was 
resistant to insulin and remained in the increased activated 
state throughout the lipid infusion (Figure 3). 

Discussion 

In the present study, the lipid infusion, with an acute rise in 
triglyceride and NEFA levels, decreased insulin-stimulated 



glucose disposal significantly in both PCOS and control 
subjects. Lipid infusion is well recognized to induce IR by 
reducing insulin-stimulated glucose oxidation and enhancing 
insulin-inhibited lipid oxidation. 35 

The lipid infusion had no effect on baseline unstimulated 
platelet fibrinogen binding or P-selectin expression in either 
group, suggesting that a rapid increase in plasma lipid per se 
did not activate platelets in vivo. Indeed, de Man et al 
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Figure 2. P-selectin expression on stimulated platelets in whole blood. Whole blood taken at 2 hours 
during saline infusion and at 2 hours during lipid infusion from controls and women with PCOS were 
stimulated with ADP in the presence and absence of PGI 2 or and P-selectin expression measured by flow 
cytometry. The data are expressed as percentage positive cells for fluorescence and represent 
medianiinterquartile range (box) and range (whisker). Asterisk (*P=0.05, **P=0.01, ***P<0.01) compared 
effect of saline to lipid infusion within the group. ADP indicates adenosine diphosphate; PCOS, polycystic 
ovary syndrome; PGI 2 , prostacyclin. 



reported that there were no differences in baseline platelet 
expression of P-selectin and fibrinogen binding in patients 
with primary hypertriglyceridemia compared to age- and sex- 
matched controls. 36 Therefore, both acute and chronic rises 
of triglycerides do not appear to induce platelet activation at 
resting state. 



In contrast to these baseline findings, this acute dysmet- 
abolic state, induced hypertriglyceridemia with IR, resulted in 
platelets having a greater propensity for activation when 
challenged with ADP and a reduced sensitivity to the key 
physiological regulator of platelets, PGI 2 , not only in insulin 
resistant PCOS patients but also in healthy subjects. 
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Table 4. Effect of Exogenous Insulin on Platelets Activation While Intralipid Infusion 



Agents That Added 


Controls (n=12) 


PCOS (n=13) 


2-Hour Intralipid 


5-Hour Intralipid 


P Value 


2-Hour Intralipid 


5-Hour Intralipid 


P Value 


Percentage of platelets expressed fibrinogen binding 


Basal 


2.50 (2.34, 2.89) 


2.53 (2.08, 2.96) 


1.00 


2.35 (2.20, 2.65) 


2.35 (2.2, 2.8) 


0.92 


+1 umol/LADP 


78.7 (67.9, 82.3) 


62.8 (51.8, 73.3) 


0.02 


71.8 (58.7, 81.0) 


68.5 (56.3, 74.3) 


0.17 


+0.01 umol/L PGI 2 +1 umol/L ADP 


67.6 (39.5, 83.8) 


40.9 (23.8, 60.9) 


0.01 


34.9 (17.1, 50.9) 


31.8 (21.4, 45.4) 


0.38 


+0.05 umol/L PGI2+I umol/L ADP 


20.9 (4.45, 36.3) 


6.78 (3.06, 26.8) 


0.05 


3.30 (2.75, 6.48) 


4.10 (2.5, 6.1) 


0.40 


+50 umol/L 8CPT CAMP+1 umol/L ADP 


68.5 (58.6, 72.8) 


54.0 (46.3, 67.1) 


0.02 


50.2 (43.4, 67.0) 


55.2 (48.5, 59.5) 


0.75 


Percentage of platelets expressed P-selectin 


Basal 


1.90 (1.65, 2.61) 


2.48 (1.95, 3.29) 


0.11 


1.70 (2.50, 2.18) 


2.40 (1.78, 3.40) 


0.13 


+1 umol/LADP 


54.1 (31.5, 63.4) 


41.3 (28.0, 46.8) 


0.04 


44.9 (35.5, 54.6) 


44.4 (37.4, 60.1) 


0.97 


+0.01 umol/L PGI 2 +1 umol/L ADP 


49.6 (26.4, 65.8) 


30.3 (12.5, 46.0) 


0.01 


28.3 (13.6, 37.1) 


22.3 (18.7, 40.0) 


0.70 


+0.05 umol/L PGI2+I umol/L ADP 


15.6 (3.15, 23.6) 


8.70 (3.65, 22.5) 


0.31 


5.95 (4.00, 11.2) 


7.70 (5.10, 12.7) 


0.51 


+50 umol/L 8CPT cAMP+1 umol/L ADP 


45.8 (27.5, 55.9) 


35.4 (27.9, 41.0) 


0.02 


27.9 (20.0, 48.5) 


36.7 (29.2, 45.0) 


0.13 



Results are expressed as medians (IQR), P value <0.05 is significance of difference. Wilcoxon signed ranks test. ADP indicates adenosine diphosphate; cAMP, cyclic adenosine 
monophophate; PCOS, polycystic ovary syndrome; PGI 2 , prostacyclin. 



Therefore, the lipid-induced platelet activation was not 
entirely related to PCOS status. 

The mechanism by which acute hypertriglyceridemia 
influence increased platelet activation could be explained by 
acute lipemia priming platelets for activation by a 2-pronged 
mechanism; first, platelets are more readily activated when 
confronted by activating stimuli, and second, platelets have 
reduced their sensitivity to inhibitory stimuli through cAMP- 
mediated inhibition. In combination, these 2 mechanisms 
could exaggerate platelet responsiveness once activated, 
contributing to the procoagulant phenotype in dyslipidemia. 
Induction of hyperlipidemia, IR, and obesity, by a high fat high 
calorie diet, was associated with increased reactivity of 
platelets to ADP and collagen in Ossabaw miniature swine. 37 
Lipid infusion enhanced ADP stimulated platelet aggregation, 
and induced early atherosclerosis in the aorta of the 
laboratory rats. 38 ' 39 Hypertriglyceridemia is associated with 
endothelial dysfunction and an increase in endothelial activa- 
tion markers slCAM-1, soluble E-selectin, and von Willebrand 
factor, 40 which may in turn decrease the production of 
endothelial NO and PGI 2 . 41 Therefore, the present study 
suggests that the presence of high triglycerides in the 
circulation could act as a driver of atherosclerosis and 
atherothrombosis through platelet activation in PCOS as well 
as in controls. 

This study also reported for the first time that the infusion 
of insulin during this hyperlipidemic state is able to rectify 
changes in platelet reactivity. This protective effect of insulin 
was only observed in control subjects, but a similar amount of 
insulin made no improvement in PCOS and resulted in 
prolonged lipid-induced platelet activation. This could be due 



to PCOS status or an increased requirement of insulin dose in 
insulin resistant PCOS than controls to reverse this lipid- 
induced IR and increased platelet activation. Trovati et al 
reported that the dose of insulin required to induce platelet 
antiaggregatory effect in patients with T2DM is 8 times higher 
than controls. 26 

While reporting reduced platelet sensitivity to PGI 2 during 
lipid infusion, this study also demonstrated that platelet 
inhibition through direct activation of PKA using the cell 
permeable activator, 8-CPT-6-Phe-cAMP, was also compro- 
mised. The mechanisms underlying the compromised PKA 
activity in induced insulin resistant state is unclear and 
requires further investigation, but suggest the IR associated 
with acute lipidemia supresses activity of the whole cAMP 
signalling pathway and that the diminished platelet response 
to PGI 2 was likely due to a direct effect of lipid on the platelet 
rather than high lipid interference with the PGI 2 receptor on 
the platelet surface. 

In this study, women with PCOS were slightly older and 
more overweight than controls. These differences did not 
seem to have an impact on platelet activation because there 
was no difference in platelet activation at resting state, with 
activation with ADP, and with inhibition with PGI 2 and 8-CPT- 
6-Phe-cAMP, at baseline (during saline infusion) between 
PCOS and control groups. However, effect of obesity cannot 
be excluded as a possible reason why PCOS failed to improve 
lipid-induced platelet hyperactivity by insulin infusion. 

We have examined the platelet activation and inhibition 
using 3 different concentrations of ADP, PGI 2 and 8-CPT-6- 
Phe-cAMP to ensure the concentration-dependent changes. 
Within group comparisons, the maximal effect of lipid infusion 
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Figure 3. Effect of hyperinsulinaemia on intralipid induced platelet 
activation. Platelets in whole blood taken at 2 hours (before 
hyperinsulinaemic euglycaemic clamp) and at 5 hours (after the 
clamp) during intralipid trial were stimulated by 1 umol/L ADP, 
1 umol/L ADP+0.01 u.mol/L PGl 2 , and 1 umol/L ADP+50 umol/L 
8-CPT-6-Phe-cAMP (8CPT). Absolute changes in % platelet activation 
were compared between controls and PCOS (A: platelet fibrinogen 
binding; B: platelet P-selectin expression). Absolute change is 
calculated by difference of percentage of activated platelets between 
the samples taken before and after the clamp, data were expressed 
by means±SE and compared by independent sample f test between 
the groups, *P value <0.05. ADP indicates adenosine diphosphate; 
PCOS, polycystic ovary syndrome; PGI 2 , prostacyclin. 



on platelet activation/inhibition pathways has been seen at 
the optimal activation dose, the dose that did not minimally or 
maximally stimulate platelets, of 1 u,M ADP and at a lower 
inhibitory concentration of PGI 2 and 8-CPT-6-Phe-cAMP. 
However, with this sample size, this study could not exclude 
the negative findings being due to Type II errors, especially 
since many expected differences, with or without lipid 
infusions in both groups, only just managed or just failed to 
reach statistical significance. 

In summary, acute metabolic derangement with hypertri- 
glyceridemia and IR induced by lipid infusion enhanced 



platelet activation by enhanced platelet response to ADP 
and increased resistance to inhibitory effect of PGI 2 , in both 
PCOS and controls. IR in PCOS appeared to deprive the 
apparent cardioprotective effects of insulin on platelet 
activation during acute lipemia that has been seen in controls. 
Therefore, platelet hyperactivity appears related to acute 
hypertriglyceridemia and IR, and thus could be a surrogate 
marker of athero-thrombotic risk, especially in PCOS patients 
with underlying IR. 
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